Although studies have addressed the exhaustion of the host's immune response to HCV and its role in treatment, there is little information about the possible contribution of innate immunity to treatment-induced clearance. We hypothesized that because intact myeloid dendritic cell (MDC) pathogen sensing functions are associated with improved HCV-specific CD8 + T cell functionality in some chronically infected patients, it might enhance HCV clearance rate under standard interferon therapy. To investigate this hypothesis, TLR-induced MDC activation and HCV-specific CD8 + T cell response quality were monitored longitudinally at the single-cell level using polychromatic flow cytometry in chronically infected patients undergoing interferon therapy. We correlated the immunological, biochemical and virological data with response to treatment. We demonstrate that the clinical efficacy of interferon-induced viral clearance is influenced by the extent to which HCV inhibits MDC functions before treatment, rather than solely on a breakdown of the extrinsic T cell immunosuppressive environment. Thus, viral inhibition of MDC functions before treatment emerges as a co-determining factor in the clinical efficacy of interferon therapy during chronic HCV infection.
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Introduction
An estimated 185 million people are persistently infected with the hepatitis C virus (HCV) [1] . HCV infection causes a progressive liver disease that leads to cirrhosis and cancer. People can be infected by one of several genetic types of HCV, each of which varies in its sensitivity to therapy; genotype 1 HCV being the most difficult to treat [2] . Prior to the advent of direct antiviral agents (DAA), the only approved treatment for HCV infection was weekly injection of polyethylene glycol-conjugated interferon-a2a or -a2b (pegIFN) combined to daily oral ribavirin. This 48-week IFN treatment course is often poorly tolerated and achieves a sustained virological response (SVR) in only 55% of infected patients. Direct-acting antiviral molecules targeting HCV's serine NS3/4A protease are now approved for use in combination with pegIFN for the treatment of HCV [3] . However, emergence of drug-resistant viruses remains a challenging hurdle [4] and not all patients respond to DAA [5] . Alternative combinatory treatment strategies are therefore still needed.
Generally the natural immune response to HCV is not effective at eradicating the virus. Nonetheless, polyfunctional HCV-specific T cell responses (characterized by coordinate cytotoxic degranulation and IFN-c, IL-2 and TNFa expression) have been associated with control of viremia in spontaneous resolution and upon antiviral intervention during or shortly after acute infection (reviewed in [6] ). Dendritic cells (DCs) are essential for initiating and maintaining virus-specific cellular immunity to chronic infections [7] . Recent studies have shown that the adoptive transfer of autologous DCs loaded with chemically inactivated HIV-1 or SIV led to considerable viral suppression in therapynaïve chronically infected humans and macaques [8, 9] . But the durability of control with this approach is uncertain in the setting of chronic HCV infection [10] given the complex interplays of suppressive pathways that underlie the exhaustion of T cells. DCs may not be enough, and in some cases, may not even be strictly necessary during antiviral therapy. A therapeutic vaccine may help amplify pre-existing T cell responses that are not protective, or at least not sufficiently protective [11] . A more effective approach in such instances might be to target the exhausted T cells directly in order to retool them to be more immunoprotective. This is the goal of anti-programmed death (PD)-1-based therapies that seek the breakdown of the immunosuppressive environment. While early pre-clinical studies have indicated that treatment with anti-PD1 exerts some beneficial effect in HCV infection [12] , conceivably, harnessing the natural APC functions of DCs might also contribute to reprogramming T cells to help clear the infection.
Intact innate functions of myeloid DCs (MDCs) at the level of pathogen sensing by TRIF-scaffolded TLRs has been linked to the maintenance of polyfunctional HCV-specific effector CD8 + T cells under circumstances of inhibitory PD-1 receptor signaling in chronically HCV-infected patients [13] . HCV inhibits TLR3-mediated antiviral responses through NS3/4A proteolytic cleavage of its adaptor molecule TRIF within infected cells [14, 15] and it would appear that HCV inhibits these very functions in MDCs [16, 17] . Because TLR signaling has been reported to lessen T cell exhaustion in persistent viral infections [18] and DAAs can restore select TLR signaling of HCV inhibited MDCs in vitro [13] , we hypothesized that the HCV clearance rate under pegIFN/ ribavirin therapy could be enhanced in those patients with intact MDC pathogen sensing functions. Here we present evidence that the extent to which HCV inhibits TRIF-dependent pathogen recognition functions of MDCs before treatment is a codetermining factor in the clinical efficacy of pegIFN antiviral therapeutic modalities in chronic HCV infection.
Materials and Methods

Study participants
Patients with chronic HCV infection initiating a 48-wk course of pegIFN and ribavirin treatment were enrolled into a longitudinal study by the hepatology experimental unit of Hôpital Saint-Luc. All procedures were in accordance with our institutional ethical commission and with the Helsinki Declaration. This study was approved by the ethical commission of the CHUM, Hôpital StLuc, Montréal, Canada (SL05.025). All subjects gave written informed consent prior to study entry. Thirty-four patients with at least one visit before therapy were randomly selected from this cohort for this study (Table 1) . Twenty of the 34 selected participants had multiple longitudinal PBMC visits during and after treatment ( Table 2 lists the clinical characteristics of these patients). Blood was collected in heparin preparation tubes (Vacutainer Systems, BD Biosciences, Franklin Lakes, NJ) at 0 (pre-treatment), 4, 8, 12, 24 and 48 wks during therapy and at 12 and 24 weeks post-treatment. PBMCs were obtained by standard Ficoll-Paque density gradient centrifugation and cryopreserved at 2140uC at 10x10 6 cells/ml in FCS (Sigma-Aldrich, St. Louis, MO) containing 10% DMSO until use. All samples used in this study were from patients documented to be HCV-seropositive for .1 yr, hepatitis B virus-and HIV-1-seronegative, not receiving antiviral therapy for .6 months before treatment initiation and to have a plasma viral RNA load (PVL) of .10 5 IU/ml. Treatment response and non-response (NR) were defined according to standard definitions [19] . Subjects with insufficient viral response at 12 or 24 wks discontinued therapy per protocol as treatment failures. In order to ensure that only non-responders with adequate drug exposure were evaluated (true biological nonresponders), we included only patients with a minimum of 12 wks of therapy and compliance of greater than 80%. Patients were classified into either the cytokine profile-defective (CP-D) versus cytokine profile-normal (CP-N) MDC function group for LPS and polyinosinic:polycytidylic acid [poly(I:C)] stimulatory conditions at study entry (see FACS analysis and Table 1 ) before any knowledge of treatment outcome.
TLR agonists and peptides
The following TLR agonists were used at the indicated final titrated concentrations: poly(I:C) (TLR-3 agonist; 25 mg/ml) and ssRNA40 (TLR-7/8 agonist; 5 mg/ml) from InvivoGen (San Diego, CA); LPS (Escherichia coli 055:B5, TLR-4 agonist; 0.1 mg/ml) from Sigma-Aldrich; 3M-002 (TLR-8 agonist; 5 mM) and 3M-011 (TLR-7/8 agonist; 5 mM) both provided by 3M Pharmaceuticals (St Paul, MN). Peptides (18-mers overlapping by 11) corresponding to HCV H77c genotype 1 strain full-length Core, NS3, NS4A/B, and NS5B (National Institutes of Health AIDS Research and Reference Reagent Program) were used at 2 mg/ml each. Six peptide mixes (0.2 mg/ml per peptide) were prepared: one each for full-length Core and NS4A/B and two each for full-length NS3 and NS5B. Each HCV pool consisted of 45-50 peptides. A pool of 32 MHC class I-restricted 9-mer peptides covering immunodominant regions of CMV, EBV, and influenza (CEF) were purchased from PANATecs (Tübingen, Germany) and used as described above.
Viral load assays
Plasma HCV RNA was measured using the Cobas AmpliPrep/ TaqMan HCV Test (Roche Diagnostics, Branchburg, NJ) at the Laboratoire de Santé Publique du Québec.
Flow cytometry assays
Thawed PBMC samples were examined for viability by trypan blue exclusion after a rest period of 12 h at 37uC in the presence of DNAse (10 U/ml) and excluded from further analysis if viability was below 95%. CD107, IL-2, IFNc-and TNFa-expressing T cells as well as IL-12, IL-6 and TNFa-expressing MDC, following ex vivo stimulation with peptide pools or TLR agonists respectively, were detected by previously described assays [13, 16] . We determined cell viability by ViViD dye staining. Data were acquired on an LSRII (BD Biosciences) equipped for the detection of 11 fluorescent parameters. A minimum of 1.0x10 6 and 1.25x10 6 total PBMCs was collected by FACS for each MDC and Agspecific T cell sample, respectively. Data analysis was performed using FACS DiVa version 6.0 software. Cytokine expression profile (CP) unsupervised hierarchical clustering analyses of patients into inhibited (CP-D) and intact (CP-N) MDC pathogen sensing function were done as described previously [16] using the log 2 ratio of geometric mean fluorescence intensity (MFI stimulated / MFI unstimulated ) values of MDCs positive for IL-12 and TNFa for LPS-and poly(I:C)-stimulatory conditions at study entry (referred to as week 0, pre-treatment). The CP clustering analysis was blinded to treatment outcome. For these unsupervised clustering analyses in TMeV array software (version 4.9; http://www.tm4.org/mev.html), protein expression in lineage 2 CD16 2 CD45 + CD11c + MHC-II br MDCs from HCV patients treated with stimuli was presented as the log 2 change versus protein expression in similarly stimulated MDCs from agematched aviremic control donors (n = 12). Boolean combinations of single-function gates were created to determine the frequency of each Ag-specific T cell response based on all possible combinations (up to 15) of cytokines and CD107a expression. A lower threshold, corresponding to two SDs above healthy donor background, was built for each specific functional combination, and values below this threshold were set to zero. Total frequencies of virus-specific CD8 + T cells were calculated by summing the frequencies within each unique combination of functions (counting each responding cell only once) and were normalized to the memory subset (defined as CD3 +
CD4
2 CD8 + cells that were not CD27 + CD45RO 2 ). Because HCV proteins were analyzed in parts, a positive response by any peptide submix constituted an HCV-specific response, and if one or more such positive responses were identified, these responses were summed to calculate a total Ag-specific response frequency within the memory peripheral blood T cell population.
Real-time qPCR
Total cellular RNA from PBMCs was extracted using the Rneasy Mini kit (Qiagen, Mississauga, Ontario) and reverse transcription was performed on 1 mg total cellular RNA in a final volume of 20 ml using the QuantiTect RT kit. qPCR assays were designed with the Universal Probe Library from Roche (www. universalprobelibrary.com). Primers and probes for each gene are listed in Table S1 (xls spreadsheet file). Expression level for endogenous controls was determined using the following prevalidated Taqman assays (Applied Biosystems): TATA binding protein (TBP; assay number Hs00427620_m1) and ribosomal protein S9 (Hs00396989_m1). qPCR reactions for 384 well plate formats were performed using 2 ml of cDNA samples (5-25 ng), 5 ml of the Fast Universal qPCR MasterMix (Applied Biosystems), 2 mM of each primer and 1 mM of a UPL probe in a total volume of 10 ml. A control reaction without RT was performed on each run. An ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) programmed with an initial step of 3 minutes at 95uC, followed by 45 cycles of 5 sec at 95uC and 30 sec at 60uC was used. All reactions were run in duplicate, averaged, and normalized to the averages of the housekeeping genes TBP and S9 to quantify the relative gene expression from that of the pretreatment visit using the 2 2DDCT method.
Statistics
Statistical analysis was performed using the Vassar Web site (http://faculty.vassar.edu/lowry/VassarStats.html) and the GraphPad Prism software v5.0b statistical package. All tests were two-tailed, and p values ,0.05 were considered significant.
Results
Intact TLR functions in MDCs enhance chronic hepatitis C treatment-induced viral clearance
Previous studies have postulated that the immune response of the host plays a role in clearance of viremia during IFN-based treatment of chronic HCV [20] . Support for this concept is, however, limited and less is known of the role played by DCs during treatment. In order to investigate the hypothesis that pretreatment differences in HCV inhibition of DC pathogen sensing functions influences an individual's response to IFN therapy, we analyzed from a cohort of patients initiating pegIFN treatment 34 HCV-infected individuals that had completed the therapeutic regimen (Table 1 ) and in 20 of which an adequate number of longitudinal visits existed during and after cessation of therapy (Table 2 ). This study was designed and implemented from 2006-2010 and therefore does not include patients receiving DAAs and the analysis was not limited to genotype 1 patients. As previously reported [13, 16] , a subgroup of HCV chronically infected patients (termed Cytokine-Profile Defective, CP-D, n = 13 out of 34) had MDCs that exhibited impaired production of IL-12 and TNFa production that was restricted to their TRIF-dependent TLRsensing activities as opposed to a group of infected patients with intact MDC functions (CP-Normal, n = 21 out of 34; Table 1 and Figure 1A -B). Stratification of these 34 randomly selected treated patients according to treatment outcomes indicated that the TRIFdependent TLR functional profile of DCs prior to therapy initiation provides an association with the virological outcome after pegIFN: 57% of CP-N analyzed (12 out of 21) had suppressed their plasma viremia after cessation of treatment as opposed to 8% of CP-D patients (1 out of 13; Figure 1C ). Though a small sample size, the difference in SVR between CP-N and CP-D subjects was also apparent when only subjects infected with HCV genotypes 1 were examined ( Figure 1C , P = 0.0914), suggesting that the difference in response is unlikely due to a biased distribution of difficult-to-treat HCV genotypes between the two DC cluster groups (Table 1) . TLR-induced DC activation in response to a panel of TLR agonists, serum HCV RNA viral load (PVL) as well as aspartate transaminase (AST) and alanine transaminase (ALT) levels were determined at pre-treatment (week 0) and at 4, 8, 12, 24, and 48 weeks of pegIFN/ribavirin treatment in 20 patients followed longitudinally (Figure 2A-D) . In the majority of patients with intact MDCs that were followed longitudinally (n = 15, denoted by an N before the ID number, Figure 2A ), HCV replication at week 4 of therapy was considerably lower than that at pre-treatment ( Figure 2B) ; the median reduction of PVL was 24.11 log 10 IU/ml, which gradually reduced to ,1.6 log 10 IU/ml at 12 wks, and this decrease was paralleled by a decrease in serum AST and ALT levels ( Figure 2C-D) . The response of the five CP-Ds that were Table 2 . Characteristics of the twenty HCV chronic patients longitudinally followed during treatment course. followed longitudinally was generally weaker and transient. At the end of treatment, HCV RNA was undetectable in 12 out of the 15 CP-N patients (80%) and AST/ALT levels normalized similarly in these 12 SVRs, whereas four of the five CP-Ds followed were nonresponders (NR) (Figure 2B-D) . Levels of classical IFNregulated genes (IRGs: IRF7, IFI27, OASL, ISG15, IFIT1, CCL5, CXCL10, DDX58) were strongly upregulated at week 4 and 12 of treatment in either group of subjects ( Figure 2E ), indicating that the difference between NR and SVR was at least independent of IFN action in the hematopoietic compartment. To determine whether HCV inhibition of MDCs or other initial biological parameter predicted the end-of-treatment PVL response, we performed a correlation analysis between all initial parameters that we measured and the 48-wk PVL change in these twenty patients. The pre-treatment TRIF-dependent TLR response potential of MDCs correlated negatively with the endof-therapy decrease of PVL (r = 20.4874 [P = 0.0293] and r = 2 0.6085 [P = 0.0044], TLR3 and TLR4 respectively; Figure 2F ). As expected, there was no correlation with MyD88-dependent TLR response potentials of MDCs (unpublished data), which are not inhibited by HCV ( Figure 1B and 2A) . Moreover, all other parameters measured (including pre-treatment PVL, age, gender, HCV-1 genotype, AST, ALT) did not correlate with end-oftherapy PVL change, further supporting a direct correlation between the pre-treatment functional status of MDCs in patients and their response to therapy. Altogether, these data suggest that lack of HCV inhibition of pathogen recognition by MDCs improves the host's ability to contain HCV infection once therapy is administered.
Higher HCV-specific CD8+ T cells degranulation was associated with improved capacity to suppress viral replication during treatment
The more functions a CD8 + T cells can perform simultaneously is thought to be largely responsible for the control of viral infections (reviewed in [21] ). In addition, TLR signaling deficiency has been reported recently to exacerbate T cell exhaustion in lifelong persistent viral infection [18] . Therefore, we hypothesized that MDCs displaying normal TLR functions might enhance HCV clearance rate under pegIFN therapy because these patients generally maintain improved HCV-specific CD8 + T cell polyfunctionality despite being chronically infected [13] . To evaluate this point, we used polychromatic flow cytometry and standard intracellular cytokine staining assays to measure cytokine production (IFN-c, IL-2 and TNFa) and surface mobilization of CD107a (as a readout of cytotoxic degranulation) by CD8 + T cells following stimulation with overlapping peptide pools encompassing 4 proteins of genotype 1 HCV (Figure 3) . The use of genotype 1 HCV peptides limited the T cell analysis to 14 of the 20 patients that were followed longitudinally, four of which were discarded from further analysis because the viability of some of their PBMC visit samples after thawing was below 95% as measured by trypan blue exclusion (see Table 2 ). Degranulating and cytokine-secreting HCV-specific CD8 + T cells could be measured at pre-treatment and during treatment ( Figure 3A) . We observed that HCV-specific CD8 + T cells from NRs exhibit reduced numbers of simultaneous functions prior to treatment initiation compared to SVRs ( Figure 3B ). In particular, at the start of therapy NRs had a significantly higher proportion of monofunctional cells (mean, 79.0%614.5%) and significantly lower proportions of bifunctional cells (mean, 8.2%617.2%) than SVR subjects (mean, 42.1%620.9% [P = 0.016] and 41.4%614.3% [P = 0.038], respectively; Figure 3C ). Moreover, the proportion of these cells did not increase over time during treatment in either group ( Figure 3C ). Compared to the response frequency before treatment, a median 5.77 (3.55-17.74) fold increase in HCVspecific CD8 responses was observed during 24 weeks of treatment independently of treatment outcome ( Figure 3D) ; a change associated with a reduction in the expression of exhaustion markers such as PD-1 ( Figure 3E ). Indeed, with the exclusion of IL-10 (IL10) (P,0.001), RNA expression levels of the negative immune regulators PD-1 (PDCD1), PD-L1 (PDCD1LG1), and CTLA-4 (CTLA4) were similarly decreased between NRs and SVRs during 4-12 weeks of treatment ( Figure 3E ), indicating that pegIFN is capable, albeit partly, to breakdown the extrinsic T cell immune suppressive environment regardless of the outcome of virus clearance. There was no significant change in the frequency or polyfunctionality of CEF-specific responses observed in the same individuals ( Figure 3A) . Moreover, we observed that HCVspecific CD8
+ T-cells from SVRs consistently displayed an enhanced ability to degranulate ex vivo compared to NRs ( Figure 3B ), indicating that this function of HCV-specific CD8 + T cells could be relevant to virus control. Notably, there is an inverse relationship between the 12 week PVL change and HCVspecific CD107a surface mobilization on CD8 + T cells (Pearson R = 20.7648, P = 0.01; Figure 3F ), suggesting that the capability of HCV-specific CD8 + T-cells to degranulate may represent a correlate of control not unlike what is reported for HIV infection [22] . At pre-treatment, enhanced polyfunctionality ( Figure 4A-B) and the ability to mobilize CD107a ( Figure 4C ) was restricted to effector CD8 + T cells of CP-N patients that have MDCs with intact TLR sensing compared to those of CP-Ds and these properties of HCV-specific CD8 + T cells were generally not restored during therapy (Figure 3) . Thus, intact innate immune functions of MDCs, which are associated with improved cytotoxic effector CD8
+ T cell responses prior to therapy, likely help tip the balance to immune control and clearance of virus once immune suppressive signals are removed by antiviral treatment.
Discussion
Multiple aspects of the HCV innate and adaptive immune response prior to therapy onset were characterized in a cohort of chronically infected subjects that completed the therapeutic regimen in order to delineate which of these functions associate with disease resolution upon treatment. We found that: (i) the extent to which HCV inhibits TRIF-dependent TLR response + T cells could be detected with higher incidence in SVRs and in patients that did not suffer from HCV inhibition of TLR sensing by MDCs ( Figures 3 and 4) ; (iii) this higher proportion of HCV-specific CD8 + T cells able to degranulate was the 12-week treatment changes of PVL from pre-treatment (n = 10, analyzed using Pearson correlation). Each symbol corresponds to one subject: SVRs are in red, NRs are in black. doi:10.1371/journal.pone.0102605.g003 associated with virus control during treatment ( Figure 3) ; and (iv) no improvement of T-cell polyfunctionality, as assessed by cytokine production and CD107a cytolytic activity, was induced by pegIFN during the first 24 weeks of therapy irrespective of treatment outcome (Figure 3 ). These findings indicate that, instead of being a marker of antiviral function, T-cell polyfunctionality is affected by viral inhibition of MDC functions. Exacerbated exhaustion of T-cell polyfunctionality during viremic chronic infection has recently been demonstrated to be a consequence of loss of TLR signals derived from MDCs [18] . Recently, the cytokine IL-12 was demonstrated to rescue the anti-viral functions of exhausted HBV-specific CD8 + T cells [23] , further supporting the above concept. On the other hand and despite the small sample size, the observation that, out of all CD8 + T-cell functions studied, only the frequency of CD107a + HCV-specific CD8 + T cells correlated with viral control (Figure 3) would suggest that not all functions exerted by a CD8 + polyfunctional T cell are equally relevant in mediating an anti-viral effect in vivo. The CTL functions reported in this study have been linked recently to virologic control in chronic HIV infection [24] and it will be interesting to see if these also holds true for HCV in larger scale studies.
MDC TLR functionality joins a considerable list of pretreatment factors, that have been shown to associate with the probability of SVR, including HCV RNA concentration, HCV genotype, fibrosis stage and IL28B genotype [25] . However, individually none is sufficient to guarantee or to preclude the possibility of achieving an SVR. This study also contributes to our understanding of chronic HCV pathogenesis. We propose that when MDCs are inhibited by HCV, T cell dysfunctions are more severe and IFN therapy alone is unlikely to be highly beneficial because it disables rather than restores immune functions [26] [27] [28] . Numerous HCV induced immune defects are not reversed by IFNs in chronically infected patients, specifically the anti-viral functions of CD8 + T cells (this study and [29] ). Moreover, IFNs in nonresponders appear to induce negative pathways like TAM receptors capable of broadly inhibiting TLR signaling [30] on innate immune cells (I.G.R.G., L.J. and D.L., unpublished data). Conversely, in a context of intact TLR sensing and secretion of IL-12 by MDCs, where T cell exhaustion is less severe as exemplified by preservation of CD107a mobilization, IFNs may prove more effective because they can remove the abundance of immunosuppressive signals (PD-1/PD-L1, CTLA-4 etc.), which would otherwise prevent expansion of pre-existing HCV-specific CD8 + T cells [13] capable of effectively controlling the infection [31, 32] . Thus, patients that harbour functional TRIF-dependent MDC activation pre-treatment responses are some of those who have a better chance of achieving on-treatment control of HCV replication because in these cases pegIFN is more likely to tip the balance towards sustained clearance of virus as they also happen to have improved CD107a
+ CD8 + T cell polyfunctionality. Studies with nonhuman primates and humans support this concept: therapeutic vaccination, which recruits functional DCs into the APC pool, is more effective after antiviral therapy [33, 34] . The high efficacy of DAAs like NS3-4A protease inhibitors could potentially be due to their ability to rapidly restore TLR signaling of HCV inhibited MDCs as shown in vitro [13] , in addition to their known direct antiviral effects [35] . Intriguingly, i.v. administration of the synthetic TLR7 agonist isatoribine reduced HCV plasma viremia in treatment-naïve chronically infected patients [36] . While therapy of HCV is rapidly evolving towards IFN-free regimen with combinations of different DAAs, current DAAs are generally administered in tandem with pegIFN [37] . Thus, the combination of DAAs with new adjunctive therapeutic strategies aimed at revitalizing DC functions that regulate the quality of the adaptive immune response during chronic HCV infection may help circumvent some of the issues relating to IFN use and assist in the development of an effective IFN-free regimens with high genetic barrier to resistance. 
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